1 Ocular torsion, rotations of the eye about the line of sight, can be induced by visual 2 rotational motion. It remains unclear whether and how such visually-induced torsion 3 is related to perception. By utilizing the flash-grab effect, an illusory position shift of 4 a briefly flashed stationary target superimposed on a rotating pattern, we examined 5
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Ocular torsion is related to perceived motion-induced position shifts 18
Torsional eye movements are rotations of the eye about the line of sight that 19 accompany almost every gaze shift ( are typically small and slow, with velocity gains commonly reported to be below 0.1, and 28 are therefore usually disregarded in visual psychophysics and eye movement 29 experiments. 30 However, some studies have shown that torsional eye position influences visual 31 perception. For example, when asked to judge the orientation of a tilted line, observers' 32 judgments were biased in the opposite direction of torsion, indicating that torsional eye 33 position was taken into account during this task (Haustein & Mittelstaedt, 1990 ; 34 Murdison, Blohm, & Bremmer, 2017; Nakayama & Balliet, 1977; Wade & Curthoys, 35 1997) . In these studies, torsion was induced by moving the eyes to a tertiary (oblique) 36 location (Haustein & Mittelstaedt, 1990; Murdison et al., 2017; Nakayama & Balliet, 37 1977) or by whole-body rotations (Wade & Curthoys, 1997) . Oblique eye position-38 induced torsion is the by-product of eye rotations as described by Listing's law (Ferman 39 et al., 1987; Haustein, 1989) , and self-motion induced torsion is modulated by the 4 OCULAR TORSION RELATES TO PERCEPTION vestibular system (Leigh & Zee, 2015) . By contrast, visually-induced torsion-eye 41 rotations that are triggered by viewing rotating visual objects-may involve different 42 mechanisms and cortical pathways. The relationship between this type of torsion and 43 visual perception has not yet been studied. The goal of the present study is to investigate 44 whether and how visually-induced torsion relates to visual motion perception. 45
Indirect evidence for the proposed torsion-perception link comes from two sets of 46 studies. The first shows a tight link between smooth pursuit eye movements-the eyes' 47 key response to visual motion-and motion perception (Kowler, 2011; Schütz, Braun, & 48 Gegenfurtner, 2011; Spering & Montagnini, 2011). For example, pursuit and perception 49 respond similarly to visual illusions such as the motion aftereffect (Braun, Pracejus, & 50 Gegenfurtner, 2006; Watamaniuk & Heinen, 2007) . Pursuit and perception are assumed 51 to share early-stage motion processing in middle temporal visual area (MT) and medial 52 superior temporal area (MST; Ilg, 2008; Lisberger, 2015) . The second study shows a tight 53 link between pursuit and visually-induced torsion: Edinger et al. (2017) demonstrated that 54 smooth pursuit velocity gain depended on the magnitude of visually-induced torsion 55 during pursuit, and that torsional and horizontal corrective saccades were synchronized. 56
These findings were obtained with a paradigm that induced pursuit and torsion via rapid 57 rotation of a visual stimulus that also translated across the screen (akin to a rolling ball). 58
It is noteworthy that ocular torsion induced by eye position/head roll can be compensated 59 during pursuit (Blohm & Lefèvre, 2010) . 60
Because of the close link between pursuit and perception, and between pursuit 61 and visually-induced torsion, we hypothesize that visually-induced torsion might also be 62 linked to visual motion perception. To examine this connection, we took advantage of an In two experiments, we tested whether and how 80 the magnitude of the perceptual illusion was correlated with the strength of the torsional 81 response. In experiment 1, the flash grab-effect was elicited by a large centrally-82 displayed rotating grating, which is expected to trigger ocular torsion. A correlation 83 between perceived position shifts in the direction of the illusion and the strength of the 84 torsional response would suggest similar processing of rotational motion information for 85 perception and torsion. In experiment 2, we investigated whether a causal relationship 6 OCULAR TORSION RELATES TO PERCEPTION exists between torsion and perception. We displayed two gratings that rotated in opposite 87 directions. This setup is likely to elicit the perceptual illusion, as shown previously for the 88 flash-drag effect (Whitney & Cavanagh, 2000) . These authors simultaneously presented 89 two pairs of linear gratings moving in opposite directions, each with a flash 90 superimposed, and found that the illusion persisted even though it was weaker. We tested 15 observers (mean age 25.4 ± 7.5 years, three males) in experiment 1, 103 and ten observers (mean age 24.3 ± 5.5 years, two males) in experiment 2; all had normal 104 visual acuity as per self-report. Observers had no history of ophthalmic, neurologic, or 105 psychiatric disease. Experimental procedures followed the tenets of the Declaration of 106 Observers viewed stimuli in a dimly-lit room on a gamma-corrected 19-inch CRT 112 monitor set to a refresh rate of 85 Hz (ViewSonic Graphic Series G90fB, 1280×1024 113 pixels, 36.3 × 27.2 cm; ViewSonic, Brea, CA, USA). The viewing distance was 37 cm in 114 experiment 1. Viewing distance in experiment 2 was increased to 45 cm following initial 115 reports that two oppositely rotating stimuli at close proximity caused dizziness. All 116 stimuli were shown on a uniform dark grey background (17 cd/m 2 ). Each observer's head 117 was stabilized using a chin rest. Stimuli and procedure were programmed in MATLAB 118 Version R2015b (The MathWorks, Inc., Natick, MA, USA) and Psychtoolbox Version 3 119 (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997) . were presented after a 600-800 ms fixation interval. Following a period of continuous 138 motion in one direction for 500-900 ms, the flash was presented just before the grating's 139 direction reversed. Each trial ended with the observer's response following the reference 140 stimulus prompt. In experiment 2, observers only reported perception on the side of the 141 reference stimulus. 142 143
At the end of each trial, observers were instructed to align a reference stimulus 144 (two black disks, same size as flash disks) with the perceived location of the flash as 145 accurately as possible by rotating it using a trackball mouse. The starting position of the 146 reference stimulus was varied randomly within 45° from vertical in either direction (CW 147 or CCW) to avoid directional judgment bias. In experiment 2, the reference stimulus was 148 presented randomly at one of the two grating locations (left or right from the screen 149 center), and observers were asked to estimate the perceived location of the flash on that 150 A. We also included a baseline-torsion block, in which observers were asked to fixate 172 in the screen center and passively view a grating that rotated continuously for 1800-2200 10 OCULAR TORSION RELATES TO PERCEPTION ms. The gratings had the same properties as described for experiments 1 and 2. The 174 purpose of baseline-torsion was to confirm that the rotating gratings successfully elicited 175 visually-induced torsional eye rotations. After each trial, a reference stimulus was still 176
presented, but no perceptual task was required. Only torsional eye movements were 177 analyzed in these baseline trials. perceived perceived
Here we simply assumed that the response bias of a perceived angle larger than 16° <0.05° along all three axes). All eye position data in experiment 1 were obtained from 203 observers' right eyes. We previously confirmed that there are no systematic differences in 204 visually-induced torsion between both eyes when a single rotating stimulus is presented 205 (Edinger et al., 2017) . In experiment 2, data from both eyes were analyzed. However, in 206 order to examine the relationship between perceptual reports and torsion in a comparable 207 way to experiment 1, we analyzed data from the eye that corresponded to the side of the 208 target in each trial. For example, if following rotation of the two gratings the response 209 was indicated on the right (target), we analyzed data from the right eye for this trial. If 210 there were any differences between the eyes due to different distances to the two stimuli 211 etc., movements of the eye on the same side as the target were likely to reflect the 212 response of the ocular system to the target better. Across experiments and trials, intorsion 213 of the left eye and extorsion of the right eye, corresponding to a CW visual rotation, were The visual rotation was initially CCW, then CW. Flash onset corresponds to the offset of 249 before-reversal motion, and flash offset corresponds to the onset of after-reversal motion. 250
Bolded black segments of the line indicate the saccade-free torsion phase that is included 251 in the analysis of torsional velocity. 252 253
Hypotheses and statistical analysis 254
In both experiments, we tested how perception and torsion responded to 255 rotational motion, and analyzed the relationship between the magnitude of the illusory (Figure 4b) . This observation is reflected in a 291 significant main effect of speed before and after the reversal for torsional velocity (before 292 reversal: F(4,56) = 7.83, p = 4.33*10 -5 , 2 g  = 0.04; after reversal: F(4,56) = 9.10, p = To examine the correlation between perception and torsion, we calculated 301
Pearson's correlation coefficients across observers between torsional velocity and illusory 302 OCULAR TORSION RELATES TO PERCEPTION position shift, with speed as a co-variate. Significant correlations were found for both 303 time windows (before reversal: r = -.49, p = 7.57*10 -6 ; after reversal: r = .59, p = 304 4.29*10 -8 ; see Figure 5 ). Generally, observers with faster torsional eye rotations also 305 perceived larger illusory position shifts. To confirm that the correlation was not caused by 306 speed, we also calculated Pearson's correlation coefficients using the collapsed data 307 across speeds of each participant (one data point for each participant); significant 308 correlations were still found for both time windows (before reversal: r = -.56, p = .03; 309 after reversal: r = .63, p = .01). In summary, results from experiment 1 show that 310 torsional velocity and perceptual illusion are correlated. We next investigated whether a 311 causal relationship exists between them. Eye velocity traces showed no trend for eye rotation in either of the gratings' two 328 possible rotational motion directions (Figure 7A) . This is expected because observers did 329 not know which grating was going to be the target when viewing the rotation. We found 330 no consistent torsional eye movements (see Figure 7B ) and no significant effects of 331 rotational speed on torsional velocity (before reversal: F(3,27) = 0.57, p = .64, 2 g  = 0.05; To confirm that the selection of single eye data in each trial did not eliminate any 339 systematic torsional eye movements, we plotted the density of each observer's torsional 340 20 OCULAR TORSION RELATES TO PERCEPTION velocity (see Fig. 8a ). This is to examine the possibility that the eyes randomly followed 341 one rotating grating in each trial (i.e., selected one of the two gratings as a target). If the 342 eyes rotated to different directions in each trial, we should expect two peaks in each 343 observer's density plot. However, none of the observers showed two clearly 344 distinguishable peaks, indicating little eye rotations following any particular rotational 345 motion direction. To further confirm that no cyclovergence was induced, we also 346 examined torsional velocity in each eye separately for each participant. Trials were 347 collapsed so that the initial rotational direction of the left stimulus was always CW: if 348 cyclovergence occurred, torsional velocity of the left eye should peak at a positive value 349 before reversal and at a negative value after reversal, and vice versa for torsional velocity 350 of the right eye. However, torsional velocity of both eyes had similar peaks around zero 351 for all participants in all time windows and speeds (Fig. 8b) . These results indicate that 352 two oppositely-rotating gratings did not induce reliable torsional eye movements. 353
Congruently, we found no correlation between torsional velocity and illusory position 354 shift (before reversal: r = .09, p = .59; after reversal: r = -.07, p = .68). Taken 
